Hybrid dysfunction, a common feature of reproductive barriers between species, is often caused by negative epistasis between loci (''Dobzhansky-Muller incompatibilities''). The nature and complexity of hybrid incompatibilities remain poorly understood because identifying interacting loci that affect complex phenotypes is difficult. With subspecies in the early stages of speciation, an array of genetic tools, and detailed knowledge of reproductive biology, house mice (Mus musculus) provide a model system for dissecting hybrid incompatibilities. Male hybrids between M. musculus subspecies often show reduced fertility. Previous studies identified loci and several X chromosome-autosome interactions that contribute to sterility. To characterize the genetic basis of hybrid sterility in detail, we used a systems genetics approach, integrating mapping of gene expression traits with sterility phenotypes and QTL. We measured genome-wide testis expression in 305 male F 2 s from a cross between wild-derived inbred strains of M. musculus musculus and M. m. domesticus. We identified several thousand cis-and trans-acting QTL contributing to expression variation (eQTL). Many trans eQTL cluster into eleven 'hotspots,' seven of which co-localize with QTL for sterility phenotypes identified in the cross. The number and clustering of trans eQTL-but not cis eQTL-were substantially lower when mapping was restricted to a 'fertile' subset of mice, providing evidence that trans eQTL hotspots are related to sterility. Functional annotation of transcripts with eQTL provides insights into the biological processes disrupted by sterility loci and guides prioritization of candidate genes. Using a conditional mapping approach, we identified eQTL dependent on interactions between loci, revealing a complex system of epistasis. Our results illuminate established patterns, including the role of the X chromosome in hybrid sterility. The integrated mapping approach we employed is applicable in a broad range of organisms and we advocate for widespread adoption of a network-centered approach in speciation genetics.
Introduction
To understand patterns of biodiversity, it is essential to characterize the processes by which new species arise and are maintained in nature, including ecological specialization, population differentiation and reproductive isolation. Genetic dissection of reproductive isolation has proven to be an especially powerful strategy for revealing mechanisms of speciation. Many genomic regions and even specific genes that contribute to hybrid defects have been identified by genetic mapping in recombinant populations [1] [2] [3] [4] [5] [6] [7] . Divergence in gene regulation is expected to contribute to reproductive isolation between nascent species, and studies with F 1 hybrids support this prediction [8] [9] [10] [11] [12] [13] . Importantly, these two approaches -genetic mapping and measurement of genome-wide expression patterns in hybrids -have yet to be combined directly in the context of speciation.
Hybrid sterility and hybrid inviability frequently result from negative epistasis between mutations at interacting genes [14] [15] [16] . This ''Dobzhansky-Muller model'' predicts that disruptions in gene networks should be common in hybrids. By integrating organismal phenotypes and genotypes with gene expression patterns, this prediction can be tested. Despite the identification of hybrid incompatibility genes in several species and the prevalence of the Dobzhansky-Muller model, the nature and complexity of hybrid incompatibility networks remains poorly understood. Do hybrid incompatibilities generally involve two loci or are higher order interactions common? Are incompatibilities independent or do they share some common loci? Is the genetic architecture of hybrid defects similar among taxa? Known incompatibility genes have provided the first hints about these questions, particularly in Drosophila [6] , yet too few genes and taxa are represented to determine whether there are generalities underlying the speciation process. A network perspective should provide insights into the genetics of reproductive isolation that are difficult to obtain using a gene-by-gene approach.
The house mouse (Mus musculus) is an excellent model for investigating speciation from a network perspective. Genomic resources are abundant for the house mouse, and reproductive processes are well characterized because the mouse is the premier model for fertility research in humans [17] . House mouse subspecies are in the early stages of speciation, showing significant but incomplete reproductive isolation. Evidence for hybrid male sterility in laboratory crosses [5, [18] [19] [20] [21] [22] and in natural zones of hybridization [23, 24] suggests it is a primary isolating barrier between these nascent species.
Studies of sterility in F 1 hybrids between Mus musculus domesticus and Mus musculus musculus (subsequently referred to as domesticus and musculus) revealed an important role for the X chromosome and identified several contributing autosomal loci [4, 5, 25, 26] . One of these loci is Prdm9, a histone methyltransferase [27] . Hybrids with some alleles of Prdm9 from domesticus show pachytene arrest of meiosis. The effects of sterile Prdm9 alleles appear to be due to mutations in the protein-coding sequence and there is evidence for downstream regulatory effects, but the incompatibility network involving Prdm9 has not been revealed.
Genetic mapping of sterility phenotypes in F 2 hybrids between M. m. domesticus and M. m. musculus recently identified an additional set of autosomal loci, which are predominantly recessive and thus contribute to sterility in second generation and subsequent hybrids. Genetic architectures of F 2 sterility traits are complex, involving a moderate number of loci with a range of phenotypic effect sizes [1] .
Genome-wide studies of gene expression in testis of F 1 hybrids provide evidence that sterility is associated with disrupted expression [9, 10] . Like sterility phenotypes, expression patterns in hybrids depend on the origins of parental strains, and the direction of the cross. In many cases, testis expression in hybrids is intermediate between parental strains [9] [10] [11] . However, extensive misexpression (expression outside the range observed in parental strains) has been documented in a few crosses. Comparison of testis gene expression patterns between reciprocal F 1 musculusdomesticus hybrids showed that many X-linked genes are overexpressed in sterile but not in fertile F 1 s [10] . To our knowledge, gene expression patterns in testes from F 2 and later generation hybrids have not been described.
Here, we integrate analysis of genome-wide expression in testis from F 2 musculus-domesticus hybrids with results from a previous study mapping sterility phenotypes in the same individuals [1] . We show that sterility is associated with large-scale alterations in gene expression in F 1 s and F 2 s, and we identify quantitative trait loci (QTL) that cause X chromosome-wide overexpression in hybrids. We report expression quantitative trait loci (eQTL) for a large number of transcripts. We compare the locations of eQTL with sterility QTL, and identify disrupted processes during spermatogenesis based on affected networks. Using a conditional mapping approach, we pinpoint genetic interactions affecting expression. We highlight candidate pathways, processes, and interactions for several loci, which provide insight into the mechanisms underlying their contributions to sterility.
Results

Gene misexpression in testes of F 1 and F 2 hybrids
We measured levels of misexpression in F 1 and F 2 hybrids to identify major alterations in gene expression pattern associated with sterility in M. m. domesticus (WSB/EiJ; hereafter domesticus WSB ) -M. m. musculus (PWD/PhJ; hereafter musculus PWD ) hybrids. Sterility is asymmetric in these crosses: F 1 males with musculus PWD mothers (hereafter MxD F 1 s) are almost always completely sterile whereas F 1 s with domesticus WSB mothers (hereafter DxM F 1 s) are fertile [1] . MxD F 1 males showed significant differences from both parents for all reproductive traits measured. By contrast, all traits in DxM F 1 s (except seminiferous tubule area) were within the range observed in the parental lines. Trait measurements in MxD F 1 s and DxM F 1 s provide 'fertile' and 'sterile' examples that are useful for assessing trait distributions in F 2 s.
Misexpression was markedly higher in testis of MxD F 1 s (18.8% transcripts; Fig. 1A ) than in DxM F 1 s (1.6%). In both F 1 s, levels of misexpression were higher for X-linked transcripts than autosomal transcripts. On the X chromosome, the number of overexpressed transcripts in MxD F 1 s was much higher than the number of underexpressed transcripts (25.9% over, 4.4% under). The level of underexpression was higher on autosomes, but the difference between levels of over-and underexpression was smaller (7.1% over, 11.3% under). These results are consistent with previously reported differences in expression patterns between sterile and fertile F 1 s [10] .
Misexpression in F 2 s varied from 0.9-39.0% transcripts (median 2.1%; Fig. 1A ), encompassing the levels observed in fertile and sterile F 1 s. There was substantial overlap between transcripts misexpressed in MxD F 1 s and in .5% of F 2 s (Fig. 1B) yet a large proportion of transcripts were misexpressed only in F 1 s or F 2 s. The relatively continuous distribution of misexpression in F 2 s and lack of recapitulation of the full F 1 misexpression pattern indicates multiple genetic factors contribute to misexpression. Misexpression unique to F 2 s suggests some contributing loci act recessively.
A large proportion of X-linked transcripts were negatively correlated with testis weight (lower testis weight = higher expression) -opposite of the pattern for autosomal transcripts, a majority of which was positively correlated with testis weight (Fig. 1C) . This result suggests that -as in sterile F 1 s -the X may be broadly overexpressed in sterile F 2 s.
To determine whether the level of misexpression was consistent throughout spermatogenesis, we compared patterns of expression in F 1 and F 2 hybrids among genes identified as specific/enriched to different spermatogenic cell types in previous studies [28] . Autosomal transcripts expressed in meiotic and post-meiotic cells are underexpressed in sterile MxD F 1 s, and transcripts specific to somatic and mitotic cells are overexpressed (Table S1 ). This pattern is consistent with reduced spermatogenesis, as expected based on sterility phenotypes. The X chromosome is transcriptionally silenced during meiosis (meiotic sex chromosome inactivation MSCI; [29, 30] ), and thus lacks transcripts associated with meiotic cells. Xlinked transcripts associated with other testis cell types showed patterns consistent with autosomal transcripts; somatic and mitotic transcripts tended to be overexpressed and the few underexpressed transcripts were predominantly postmeiotic. Misexpression patterns across spermatogenic cell types in F 2 hybrids were consistent with patterns in sterile F 1 s.
Author Summary
New species are created when barriers to reproduction form between groups of organisms that formerly interbred freely. Reduced fertility or viability of hybrid offspring is a common form of reproductive isolation. Hybrid defects are caused by negative interactions between genes that have undergone evolutionary change within each subgroup. Identifying genetic interactions causing disease or trait variation is very difficult, consequently there are few known hybrid incompatibility genes and even fewer cases where both interacting genes are known. Here, we combined mapping of gene expression levels in testis with previous results mapping male sterility traits in hybrid house mice. This new approach to finding genetic causes of reproductive barriers enabled us to identify a large number of hybrid incompatibilities, involving genomic regions with known roles in hybrid sterility and previously unknown regions. Understanding the number and type of genetic interactions is important for developing accurate models used to reconstruct speciation events. The genetics of hybrid sterility in mice may also contribute to understanding basic processes involved in male reproduction and causes of human infertility. Misexpression QTL. Our experimental design allowed us to map QTL that contribute to misexpression in F 2 s. We identified two QTL controlling the number of overexpressed X-linked transcripts on chromosomes 17 (8 cM, 18.46 Mb, 1.5-LOD interval 0-29.85 Mb; Fig. 1D ) and X (14.98 cM, 61.02 Mb, 1.5-LOD interval 0-71.69 Mb). There were no significant QTL for the number of misexpressed autosomal transcripts. However, on both chromosomes 17 and X, there were peaks below the significance threshold within the 1.5-LOD intervals of the Xoverexpression QTL. Similarity between X-and autosomal patterns suggests these QTL may contribute to misexpression genome-wide.
The overexpression QTL we identified on the X chromosome is in the same region associated with overexpression of a set of Xlinked transcripts in a recent study using introgression lines carrying regions of the X chromosome from musculus PWK (closely related to musculus PWD ) on a domesticus background [31] . Studies of F 1 hybrid sterility have identified a key incompatibility between chromosomes 17 and X [4] . A comparison of X overexpression levels for mice with different two-locus genotypes at the chromosome 17 and X QTL is shown in Figure 1E . Consistent with the pattern in F 1 s, X overexpression was highest in individuals with a musculus PWD allele on the X that were heterozygous at the chromosome 17 QTL (F 5,290 = 11.06, p = 9.2610
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; t 17 het :X musculus interaction term = 3.0, p = 0.0031). Interestingly, high levels of overexpression were also observed in individuals with the musculus PWD allele on the X and homozygous for the musculus PWD chromosome 17 allele. These mice had the same genotype as the musculus PWD parental strain at both loci, implying the existence of a domesticus WSB allele elsewhere in the genome involved in a multilocus interaction with the X and 17 QTL.
Interpreting gene expression patterns from whole testis is complicated because differences in measured expression levels reflect changes in the relative cell-type composition of the tissue in addition to changes in per-cell expression levels [10] . Because the number of postmeiotic cells in sterile F 2 hybrids was reduced [1] , apparent underexpression of postmeiotic genes and overexpression of mitotic genes was expected. Misexpression patterns may be caused by changes in cell composition, changes in gene regulation, or both.
Testis expression quantitative trait loci (eQTL)
Next, we investigated the genetic basis of gene expression variation in individual transcripts. We identified 16,705-36,753 eQTL, depending on the significance criterion (Table 1) . We used a permissive threshold, based on permutation of a single transcript, for downstream analyses because our goal was to identify genomescale patterns. It is important to note that the false-positive rate among individual eQTL identified using this criterion is high, particularly for trans eQTL.
The genomic positions of the eQTL and the affected transcripts are shown in Figure 2 . eQTL located near the quantitative trait transcript (QTT) comprise the prominent diagonal stripe, a pattern typical of eQTL studies [32] [33] [34] . These proximal eQTL are likely to be cis regulatory elements [33, 35] . We refer to proximal eQTL as cis eQTL for convenience, although it is possible that they might not act solely in cis (by regulating alleles only if they are on the same DNA strand). We classified eQTL with peaks within 5 cM of the transcript (probe) position as cis eQTL and eQTL located on a different chromosome from the transcript as trans. We ignored eQTL.5 cM on the same chromosome, because this class might include long-distance cis eQTL in addition to trans eQTL. We identified cis eQTL for 60% of transcripts (14,807; Table 1 ) and at least one trans eQTL for (Fig. S1B ). The difference in expression level between genotype classes was larger on average for cis eQTL than for trans eQTL (t = 72.3 (d.f. = 15931), P,2.2610 216 ). The difference in effect size is also apparent when comparing the peak LOD scores of cis (mean = 25.05) and trans eQTL (mean = 5.94).
We tested for clustering of trans eQTL, which is commonly observed in eQTL analyses [36] [37] [38] . Some of these 'trans hotspots' are visible as vertical bands in the eQTL heatmap (Fig. 2) . We identified 12 genomic regions significantly enriched for trans eQTL using a sliding window analysis (P,0.05, permutation test; Table 2 ). Two adjacent hotspots on chromosome 10 were combined for simplicity in downstream analyses. The most striking pattern was observed for the X chromosome: most of the X was significantly enriched for trans eQTL and 8,286 autosomal transcripts (34.6%) had eQTL mapped to the proximal X hotspot (0-42 cM). We discuss the massive effect of the X on gene expression in detail below, and relate this pattern to the known importance of the X in hybrid male sterility. The genomic distribution of eQTL we identified, as well as differences in dominance and effect sizes between cis and trans eQTL, are broadly consistent with patterns previously described in eQTL studies performed in a variety of (non-hybrid) organisms (e.g. humans: [37, 39] ; C. elegans: [36, 40, 41] ; Arabidopsis: [32] , mice: [42] . This consistency indicates that misexpression and differences in expression level due to altered cell-composition associated with sterility phenotypes were not so severe that they obscured quantitative expression differences between musculus PWD and domesticus WSB . Trans eQTL hotspots are related to hybrid sterility. Testis eQTL could be related to hybrid sterility or to subspecific differences in gene expression that are independent of hybrid incompatibilities. To distinguish these possibilities, we repeated the eQTL analysis for a subset of F 2 s without strong evidence for hybrid sterility, and compared the results to patterns arising when all individuals were included in the mapping. The number of cis eQTL was very similar between samples; we identified 14,501 cis eQTL in the fertile sample and 14,807 cis eQTL using all individuals. By contrast, patterns of trans eQTL showed striking differences between the fertile subset and the full dataset. The number of trans eQTL identified (13,652; 7,812 autosomal; 5,839 X) in fertile mice was much lower than in the complete sample (21,946; 12,347 autosomal; 9,599 X). Moreover, clustering of trans eQTL was dramatically reduced when only fertile individuals were included (Fig. S2) . These results suggest trans eQTL, and in particular trans hotspots, are related to sterility whereas cis eQTL largely reflect subspecific/strain differences in expression. Consequently, expression patterns associated with hotspots -like testis weight, sperm count and other traditional reproductive measures -can be treated as sterility phenotypes.
To further investigate associations between trans hotspots and sterility, we inferred a ''sterile allele'' for each hotspot as the allele matching the sterile MxD F 1 pattern and/or showing lower expression of meiotic/postmeiotic transcripts ( Table 2 ). The hotspot on chromosome 17 showed an unusual pattern. A majority of eQTL in the hotspot were over-or underdominant (Fig. 3A) and the heterozygous genotypic class shows evidence for sterility, consistent with the underdominant testis weight QTL at the same position. For additive/dominant eQTL, the musculus PWD genotypic class appeared to be associated with sterility. As we discussed above, both genotypic classes were also associated with overexpression on the X.
The two trans hotspots on the X chromosome showed different patterns. The musculus PWD allele at eQTL in the proximal hotspot was associated with the 'sterile' expression pattern (Table 2) . For example, a substantial proportion of QTT associated with the X hotspots were misexpressed in sterile MxD F 1 s (32.5% X-hotspot QTT vs. 17.3% all autosomal transcripts), with the effect of the musculus PWD allele consistent with the direction of misexpression. In contrast, the domesticus WSB allele was associated with the sterile pattern in the distal hotspot. Correlations between expression levels of QTT and relative right testis weight provided further corroboration for the inferred sterile alleles for the X hotspots. We expected that the sterile allele would cause lower expression of QTT that were positively correlated with testis weight (lower expression with lower testis weight) and higher expression of QTT negatively correlated with testis weight (higher expression with lower testis weight). Most QTT (83.2%) with lower expression caused by the musculus PWD allele at eQTL in the proximal hotspot were positively correlated with testis weight, and most eQTL in the distal hotspot showed the opposite pattern (64.0% negatively correlated). The converse was observed for low-expression domesticus WSB alleles (87.9% QTT in proximal hotspot negatively correlated; 74.0% QTT in distal hotspot positively correlated).
Seven of eleven trans hotspots overlapped one or more sterility QTL identified previously in this cross [1] (Table 2 ; Fig. S2 ). A total of 99.5 cM was located in a trans hotspot and within the 1.5-LOD interval of a sterility QTL (P = 0.02, 10,000 permutations of trans hotspot positions). For five of seven hotspots overlapping sterility QTL, the sterile allele identified on the basis of expression pattern matched the sterility QTL allele (Table 2) , suggesting the underlying causative gene(s) for expression variation and the sterility phenotypes might be shared. One exception is on chromosome 15. The 1.5-LOD interval for a total abnormal sperm QTL overlapped the trans hotspot, however the QTL peak (4 cM) was relatively far from the hotspot (18-38 cM; Fig. S2 ). The second exception was a sperm head-shape QTL (musculus PWD allele sterile) that overlaps the distal-X hotspot (domesticus WSB allele sterile). This region likely harbors sterility QTL from musculus PWD and domesticus WSB , providing additional evidence that the role of the X in sterility is complex.
For the present study, we focus on the dramatic patterns of trans eQTL and the unexpected association between trans hotspots and sterility. We acknowledge that cis eQTL may play an important role in hybrid sterility and we anticipate they will be useful in future studies to identify and evaluate candidate sterility genes.
Functional annotation of trans eQTL hotspots. Characterizing the QTT affected by each hotspot will provide clues about how the underlying genes disrupt fertility. We used DAVID functional annotation [43, 44] to identify classes of genes enriched among QTT with higher or lower expression in individuals with the sterile genotype at each hotspot. Overall, more gene classes were significantly enriched among QTT with higher expression associated with the sterile allele ( Table 3) . Many of these classes represent basic cell functions including lipid synthesis and metabolism, mitochondrion, and amino acid metabolism (chromosome 11, 15 proximal, 17, X proximal hotspots). Another general pattern was higher expression of classes related to receptors, signaling (e.g. transmembrane, glycoprotein, protein kinase-C binding) and specific signaling pathways (PPAR signaling pathway, regulation of MAPKKK cascade).
As expected, gene classes with clear links to sterility phenotypes were enriched among QTT with lower expression in sterile (10) transmembrane (95); glycoprotein (89); oxidoreductase (26); mitochondrion (25); lipid biosynthetic process (24); fatty acid metabolism (14); butanoate metabolism (14); lysosome (13); NADP (11); arginine and proline metabolism (6); lipid metabolism (5); steroidogenesis (4); intramolecular oxidoreductase activity, transposing C = C bonds (4) DNA-binding (57)
*Terms in plain type represent enriched clusters of functionally related genes identified using DAVID functional annotation [43, 44] . For each cluster with at least one annotation term with Benjamini FDR,0.10, the term with the lowest FDR is listed and the number of unique genes in the cluster is in parentheses. Significant annotation terms (FDR,0.10) not assigned to any cluster are listed in italics, and the number of unique genes in parentheses. doi:10.1371/journal.pgen.1004162.t003
genotypic classes. The two hotspots coincident with regions known to have major roles in F 1 sterility showed lower expression of broad categories, including spermatogenesis (chromosome 17), sexual reproduction (X 0-42 cM), and fertilization (X 0-42 cM), as well as classes suggesting more specific sterility-related functions, including microtubule organizing center (chromosome 17) and flagellum/microtubule-associated flagellum (X 0-42 cM). The chromosome-10 hotspot is coincident with an abnormal sperm morphology QTL (proximal bent tail; [1] ); lower expression of microtubule genes associated with the sterile domesticus WSB allele is a promising lead for identifying specific disruptions in spermatogenesis.
As discussed above, gene expression measures from whole testis reflect both absolute (per-cell) expression variation and relative expression variation caused by differences in cell-type composition. Genes underlying trans hotspots might (1) directly regulate expression of many genes, (2) indirectly affect gene regulation by disrupting an upstream pathway/process, or (3) directly/indirectly cause a change in testis cell composition resulting in altered relative expression of genes from different cell types. We were concerned that many sterility loci might cause similar changes in cell-type composition, in which case annotating hotspots might not be useful for characterizing the function and identify of specific causative genes. If there were a general 'sterile' expression pattern we would expect eQTL to be shared across hotspots, particularly for QTT associated with QTL for the same sterility phenotype. In contrast, most QTT with eQTL in hotspots were associated with a single hotspot (8,093/11,904) . Variation among QTT associated with different trans hotspots and sterility QTL indicates that annotation of these QTT will be informative about functions of individual sterility genes with effects on gene regulation or cell composition. Candidate genes in each hotspot with known roles in male reproduction and/or gene regulation are listed in Table 4 .
Genetic interactions identified by conditional mapping of eQTL
The Dobzhansky-Muller model predicts that each hybrid sterility locus will have one or more interaction partners. Mapping of genetic interactions generally requires sample sizes larger than the 305 F 2 s analyzed here. To increase power, we treated trans eQTL hotspots as candidate hybrid sterility loci and searched for interactions involving them. We performed conditional mapping of eQTL, using genotypes at candidate loci one at a time as covariates. Genotype covariates included the marker closest to the peak of each of the nine autosomal trans eQTL hotspots, and five markers in the X chromosome trans hotspots (Table 5) . For each covariate, mapping was performed twice, including an additive effect or both an additive and interactive effect; eQTL from the full model that showed a significant increase in LOD score over the additive model were classified as significant interaction eQTL.
Clustering of interaction eQTL identified by conditional mapping was even more pronounced than clustering of trans eQTL in the initial (no covariate) eQTL analysis (Fig. S3) . We identified 'interaction hotspots' using significance thresholds from permutation for each genotype covariate. Integrating results from the conditional mapping analyses reveals a complex epistatic network showing several general patterns (Fig. 4) . The large number of interactions involving the X is consistent with its substantive effect on expression pattern and sterility phenotypes. There are many interactions between loci in trans hotspots, and between trans hotspots and sterility QTL, suggesting that some incompatibilities contribute to multiple phenotypes. Overall, a large proportion of interactions are associated with sterility loci. It is important to note that many interactions may be associated with variation in gene expression unrelated to hybrid sterility.
The interactions we identified include X-autosome pairs previously associated with hybrid sterility. We identified interaction hotspots in the proximal region of chromosome 17, which encompasses Prdm9, from conditional mapping using all X-linked genotype covariates; conversely, mapping conditional on Chr17@ 13 cM identified a hotspot on the proximal X (Fig. S4) . Previous mapping of sterility phenotypes conditional on X genotypes revealed interactions between the X and six autosomal regions on four chromosomes (3, 5, 7, 10) , contributing to five sperm morphology phenotypes [1] . We found interaction hotspots involving at least one X-linked covariate overlapping each of these autosomal regions.
Each trans hotspot identified in the original analysis overlapped at least one interaction hotspot mapped with an autosomal covariate, indicating autosome-autosome interactions contribute substantially to expression variation. All of these interactions are novel. Interactions between regions with sterile alleles from the same subspecies are prevalent (Fig. 5) , suggesting incompatibilities involving more than two loci are common.
Conditional mapping revealed additional associations between gene expression variation and sterility. Some sterility QTL that did not overlap a trans hotspot identified in the original analysis showed evidence for interaction with one or more hotspot regions (Fig. S4) . We also found interactions with sterility QTL for each of the trans hotspots that do not overlap sterility QTL. The relative contribution of loci to expression variation with detectable marginal effects versus eQTL identified only when incorporating interactions varied ( Table 5 ). The structure of the interaction network provides additional support for the important roles of chromosomes X and 17, the major players in F 1 sterility (Figs. 4; 5) . By contrast, the chromosome 6 region plays a prominent role in the interaction network (Fig. 5) , which was unanticipated on the basis of relatively modest enrichment of eQTL in the trans hotspot and the lack of sterility phenotype QTL on chromosome 6.
We identified several novel loci that interact with multiple trans hotspots but did not have previous evidence for involvement in sterility (Fig. S4) 
Discussion
The Dobzhansky-Muller model of reproductive isolation has been well accepted for decades but relatively few incompatible loci and even fewer interactions are known. Due to the central role of negative epistasis in hybrid defects, disruptions in gene networks are likely to be common in hybrids [45] [46] [47] . Inspired by recent 'systems genetics' studies that integrate phenotype, genotype, and gene expression data to reconstruct gene networks and infer relationships between perturbations in networks and deleterious traits [48, 49] , we mapped expression traits in an F 2 cross between house mouse subspecies. We combined expression-mapping results with knowledge of QTL for sterility phenotypes in the same cross to identify altered expression patterns reflecting disruptions in networks causing sterility. The role of gene regulation differences in hybrid sterility
The importance of evolutionary changes in transcriptional regulation for adaptation has long been recognized [e.g. [50] [51] [52] [53] . Recent studies of gene expression in hybrids suggest regulatory evolution may also be an important cause of reproductive isolation between diverging populations. Misexpression has been reported in hybrids from many animal and plant taxa including Drosophila [8, 12, 54] , mice [9] [10] [11] 55] , African clawed frogs [13, 56] , whitefish [57] , copepods [58] , maize [59] , ragwort [60] and Arabidopsis [61] . Furthermore, several known hybrid incompatibility genes affect transcription of other genes, including OdsH [12] and the mouse sterility gene Prdm9 [27] . Our expression data from F 1 and F 2 hybrids show male sterility is associated with major alterations in genome-wide expression patterns. Clustering of trans eQTL is much less pronounced when mapping is restricted to fertile mice (Fig. S2) , indicating trans hotspots in particular are associated with sterility. Each of the trans hotspots we identified overlaps a sterility QTL and/or interacts with at least one region containing a sterility QTL. One interpretation of this pattern is that divergent alleles with major effects on expression patterns are likely to cause hybrid incompatibilities. Trans regulators of gene expression must coordinate properly with cis regulators and other trans factors. The number and broad genomic distribution of regulated genes and co-factors provide many potential opportunities for incompatible interactions resulting in deleterious phenotypes in hybrids. Misexpression of a gene could result from a change in the set of positive or negative regulatory factors, or a mismatch in the spatiotemporal availability of these factors and the timing of expression. This hypothesis suggests genes in interacting regions with large cis eQTL and/or major alterations in spatiotemporal expression pattern between subspecies should be prioritized as candidates.
The role of the X chromosome in hybrid male sterility Numerous studies of F 1 hybrid sterility and evidence for reduced gene flow in hybrid zones have shown that the X chromosome plays a central role in hybrid male sterility in house mice [5, [62] [63] [64] [65] . Our expression mapping results in F 2 s show that the X has a massive effect on testis gene expression, providing support for an important role of the X beyond the F 1 generation. Most of the X chromosome is significantly enriched for QTL affecting expression of autosomal genes.
The musculus PWD allele in the proximal X hotspot (10.16 Mb-101.19 Mb) has effects on expression suggestive of sterility (Table 2) , consistent with the well-documented role of the musculus X in F 1 sterility. This region harbors the largest-effect QTL identified for testis weight, sperm count, abnormal sperm head morphology, and number of offspring in X introgression experiments [25, 66] . Genes with functions related to fertility (sexual reproduction, fertilization, flagellum) were enriched among the QTT with low expression caused by the musculus PWD allele (Table 3) .
By contrast, the distal X hotspot shows little similarity to patterns observed in sterile F 1 males. The distal hotspot overlaps several sterility QTL identified in X musculus introgression experiments (Supp . Table S2 ), but the domesticus WSB allele at hotspot eQTL is associated with the sterile expression pattern. These results reveal the presence of at least one novel locus on the X contributing to expression variation and potentially F 2 sterility (Tables 2, S2 ). Fertility of DxM F 1 s, which carry the domesticus WSB X, and lack of enrichment of the distal hotspot QTT for transcripts misexpressed in F 1 s, indicate this locus interacts with one or more recessive musculus PWD autosomal loci. DNA-binding genes are enriched among QTT with higher expression, raising Number chromosomes harboring interaction eQTL hotspots.
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Percentage of interaction eQTL for which there was a significant eQTL at the 2 covariate position or 3 peak position in the original eQTL mapping analysis (no covariate). 4 Percentage of interaction eQTL for which there was a significant interaction eQTL with the covariate and peak positions reversed. doi:10.1371/journal.pgen.1004162.t005
the possibility that the distal locus controls expression of regulatory genes, and the role in sterility is indirect. Variation within the trans hotspots on the X suggests each may harbor more than one sterility gene. The number of eQTL mapped, and the proportions of QTT with sterility-related characteristics, varied within the proximal and distal hotspots (Table S2) . Furthermore, comparison of conditional mapping results using different markers on the X as covariates reveals differences in interaction patterns (Fig. S5) .
The mechanism of sterility caused by the proximal X musculus . Several mechanisms have been proposed for hybrid defects caused by the X. In each case, de-repression of X-linked genes normally transcriptionally silenced during and after meiosis is implicated, but the proposed cause and timing of de-repression differ.
Expression of X-and Y-linked genes is suppressed during meiosis in mice [29, 30] . Meiotic sex chromatin inactivation (MSCI) is essential for spermatogenesis. Mouse models with mutations in MSCI genes show meiotic arrest during the pachytene stage [30] . Overexpression of X-linked genes has been documented in F 1 studies involving multiple strains [10, 26] . Good and colleagues [10] proposed that overexpression might be related to disrupted MSCI. Measurement of a subset of the overexpressed genes in enriched populations of different testis cell types showed that overexpression was first observed in primary spermatocytes, consistent with the onset of MSCI [31] .
The dramatic overexpression of the X observed in F 1 and F 2 hybrids documented here is consistent with failed MSCI. We identified QTL on chromosomes 17 and X for the number of overexpressed X-linked transcripts in an individual. The peak of the QTL on chromosome 17 is coincident with the sterility gene Prdm9 and overexpression is caused by heterozygosity at this locus, consistent with maximal sterility effects in individuals heterozygous at Prdm9 [67] . The QTL on the X overlaps the musculus X region with the strongest overexpression effects in introgression lines [68] . The peak in number of trans eQTL we mapped in F 2 s is coincident with the X-overexpression QTL, suggesting effects on expression of autosomal genes are related to overexpression of the X.
A recent investigation of sterility mechanisms in F 1 hybrids harboring the sterile allele of Prdm9 documented extensive asynapsis during meiosis, and subsequent meiotic checkpoint failure and arrest [26] . Analysis of intersubspecific chromosome substitution strains showed that heterospecific chromosome pairing was a preexisting condition of asynapsis. Prdm9 heterozygosity and a musculus X were necessary but not sufficient for the full meiotic arrest phenotype. The authors propose that interaction between these loci regulates the stability of pairing between heterospecific chromosomes. Expression of several sex-linked genes during meiosis in these F 1 hybrids indicates MSCI is disrupted. The authors suggest MSCI failure is a consequence of asynapsis.
Asynapsis of heterospecific chromosomes is unlikely to cause failure of MSCI in F 2 s. Chromosome pairs in F 2 s harbor both conspecific and heterospecific regions, which should enable synapsis in most cases because only one crossover per chromosome arm is required to maintain pairing [69] . Moreover, complete meiotic arrest was rarely observed in F 2 s [1] , and the most severe arrest phenotype observed in musculus PWD 6domesticus B6 F 1 s was not seen in our MxD F 1 s. Taken together, results of sterility phenotype and expression mapping in F 2 s suggest the Prdm9-X interaction contributes to sterility through mechanisms beyond asynapsis.
Many sex-linked genes remain silenced into spermiogenesis. Disruptions in postmeiotic sex chromosome repression (PSCR) have also been associated with male sterility in mice. Derepression is caused by unbalanced copy numbers of multicopy X-and Ylinked regulatory genes [70, 71] . Expansion and increased copy number variation of some of these genes was observed in mice from a natural hybrid zone [72] , suggesting unequal recombination in hybrids might exacerbate effects of copy-number imbalance on PSCR.
In contrast to previous F 1 studies [10, 31] , we did not find evidence for disrupted PSCR: there was no general pattern of overexpression of postmeiotic genes in F 1 or F 2 hybrids (Table S1 ).
Decoupling of MSCI and PSCR suggests failed PSCR is not a necessary downstream consequence of disrupted MSCI [31] . Lack of disrupted PSCR in F 2 s is not surprising if Slx/Sly imbalance is the major cause because there is not a mismatch between subspecies in the critical regions; most (293/305) F 2 s in this study have a musculus PWD Y (because nearly all MxD F 1 s were sterile) and overexpression/sterility is associated with the musculus PWD allele in the proximal X, which overlaps the positions of Slx/Slxl. Lack of mismatch does not explain lack of PSCR in sterile MxD F 1 s, however, suggesting there is polymorphism for alleles causing copy number imbalance. QTL for abnormal sperm morphology, similar to phenotypes reported for Sly-deficient males [70] , were identified on the X [1] , indicating the X harbors multiple loci affecting post-meiotic spermiogenesis.
We propose that an interaction between loci on chromosome 17@13.3 cM (likely Prdm9) and X@15 cM disrupts MSCI, either directly or indirectly. De-repression has a cascading effect on meiotic expression of autosomal genes due to activity of X-linked transcriptional activators/suppressors at stages where they are normally silenced (Fig. 6) . This model explains the co-localization of the X-overexpression QTL on the X with thousands of trans eQTL affecting expression of autosomal genes.
Chromosome-17 hotspot reveals novel insights about the role of Prdm9 in sterility
We identified a region on chromosome 17 with major effects on gene expression. Several lines of evidence implicate the known Figure 6 . Model of genome-wide expression effects caused by X-17 interaction. A musculus PWD allele on the X @15 cM interacts with heterozygous 17@13 cM (likely Prdm9) to cause overexpression of the X chromosome during meiosis. X-linked transcriptional regulation genes, which are usually silenced by MSCI, affect expression of autosomal genes. doi:10.1371/journal.pgen.1004162.g006 sterility gene Prdm9 as the underlying causative gene. First, the QTL for overexpression of X-linked transcripts (18.46 Mb) and the peak in number of trans eQTL within the chromosome-17 hotspot (14.69 Mb) are near Prdm9 (15.68 Mb; Fig. 3B ). Second, eQTL in the chromosome-17 hotspot largely show under-or overdominant effects, in contrast to trans eQTL elsewhere in the genome, which are mostly additive or dominant (Fig. 3A) . This pattern is consistent with results from F 1 crosses showing the most severe sterility phenotypes occur in males heterozygous at Prdm9 [67] . Finally, we find evidence for interactions between the chromosome-17 region and a musculus PWD allele on the proximal X chromosome, consistent with F 1 studies [4] .
If Prdm9 is the causative gene, our eQTL results provide novel insights into its role in hybrid sterility and gene regulation. In addition to the known interaction with the X chromosome, we find evidence for interaction with each autosomal locus used as a mapping covariate (Figs. S4; 5) . The large number of interacting loci suggests that the DNA-binding function of Prdm9, which regulates recombination hotspots globally [73, 74] , might be directly related to its role in sterility. Each Prdm9-binding site represents a potential incompatibility partner. Alternatively, disrupted regulation caused by Prdm9 might have cascading effects resulting in altered expression genome-wide.
Although Prdm9 is predicted to have broad regulatory effects, previous evidence for effects on expression levels was limited to a small set of genes directly regulated by Prdm9 [27] . The combination of eQTL in the chromosome-17 hotspot (without covariates; Table 2 ) and eQTL dependent on interactions with eight autosomes and the X chromosome (Table 5 ) identifies 5,467 unique transcripts directly or indirectly affected by the region encompassing Prdm9.
Chromosome 17 harbors a second, more distal sterility locus, Hstw s , from musculus [18] . Hstw s is necessary, in addition to the sterile Prdm9 domesticus allele and the musculus X, to observe complete meiotic arrest, the most severe F 1 phenotype [67] . We identified interactions between both the Prdm9 region and a distal chromosome 17 region with chromosomes 2, 5, 10, and X (Fig.  S4) , suggesting loci on those chromosomes may be involved in the Prdm9-Hstw s incompatibility.
Candidate hybrid sterility genes
Overlap of sterility QTL with trans hotspots and/or interaction hotspots can refine estimates of the QTL position in some cases. For example, the trans hotspot on chromosome 17 is smaller than the coincident QTL for sperm count and testis weight (Fig. 3B) . Moreover, the peak in number of trans eQTL is at the position closest to Prdm9. Chromosomes 5 and 10 are cases where trans eQTL and interaction eQTL patterns appear particularly useful in narrowing lists of candidate genes (Fig. S2) Functional annotation of QTT identifies affected pathways and processes associated with some hotspots, and provide clues about the mechanisms underlying sterility. Chromatin-related genes were overrepresented among QTT with lower expression associated with the sterile domesticus WSB allele at the chromosome 11 hotspot (Table 3) . Mouse knockout models for two additional genes with eQTL in this region have spermatogenesis defects that might be related to chromatin; males with null alleles at the transcription factor Crem (cAMP responsive element modulator) showed defective spermiogenesis with aberrant post-meiotic gene expression [75] . Lmna (lamin A) knockouts have severely impaired spermatogenesis associated with failed chromosomal synapsis [76] . These patterns suggest prioritizing genes in the chromosome 11 hotspot with related functions. For example, 42 genes are involved in transcriptional regulation (Table 4) . One of these genes (Hils1) is involved in chromatin remodeling during spermatogenesis and has evolved rapidly within rodents [77] . Males with hypomorphic Rad51c alleles are infertile due to arrest of spermatogenesis in early meiotic prophase I related to failed double-strand break repair by recombination [78] .
Interactions between novel loci and better-characterized regions point to some promising candidates. For example, the chromosome-10 hotspot interacts with the proximal X and the chromosome-17 region containing Prdm9, the two loci with the most dramatic effects on expression. A gene within the chromosome-10 hotspot, Dnmt3l (DNA methyltransferase 3-like), plays a key role in epigenetic programming during spermatogenesis. Males carrying null alleles at Dnmt3l show phenotypes similar to those documented in F 1 s associated with the X-17 interaction, including hypogonadism, asynapsis during meiosis, abnormal formation of the sex body, and deregulation of X-linked and autosomal genes [79] [80] [81] [82] . Dnmt3l does not have methyltransferase activity but shows sequence similarity to Dnmt3a and Dnmt3b, with which it interacts to promote de novo DNA methylation [83] . Misexpression of Dnmt3a was reported previously in sterile F 1 hybrids [10] . Prdm9 is a histone methyltransferase; while speculative, an interaction between Dnmt3l and Prdm9 is a promising lead. Dnmt3l is essential for several epigenetic processes occurring at different stages of spermatogenesis, including paternal imprinting, transcriptional regulation, chromatin morphogenesis through meiosis, and the histone-protamine transition during spermiogenesis. Interestingly, Dnmt3l interacts with heterochromatin [80] , similar to the Drosophila sterility gene OdsH [84] .
Conditional mapping revealed several genomic regions involved in the interaction network that did not have previous evidence for involvement in sterility or expression (Fig. 5) , indicating this mapping approach can uncover incompatibility loci without detectable marginal effects. Some of these interaction loci are very small, containing few enough genes that targeted functional evaluation would be feasible. For example interaction hotspots mapped with covariates on chromosomes 2, 5, and X overlap on distal chromosome 7 (Fig. S4 ). This region spans 3.1 Mb, encompassing 14 characterized RefSeq genes.
We focused here on genome-wide patterns. Detailed characterization of individual loci, and analysis of gene co-expression networks including all related QTT, will yield additional information useful in pinpointing the disrupted pathways causing sterility and prioritizing candidates.
Implications for evolution of reproductive barriers
The rate of accumulation of Dobzhansky-Muller incompatibilities and the evolution of reproductive barriers between incipient species depend on the genetic architecture of isolating traits. Theoretical models of DMI evolution assume that incompatibilities act independently on barrier traits [85, 86] . The complex pattern of interactions we report here violates this assumption: some sterility loci are involved in multiple incompatibilities. This aspect of the network we characterized is most consistent with branched developmental pathways [45] and gene networks models [47] . Theory that incorporates this non-independence as well as other biological characteristics of incompatibilities should continue to be pursued [45] [46] [47] 87] .
Network characteristics are also key determinants in accurate modeling of gene-flow dynamics in zones of hybridization. Nonindependence of incompatibilities due to interactions of sterility loci with multiple partners is likely to result in stronger selection and slower introgression at those loci because sterility phenotypes are expressed on a variety of genomic backgrounds. Future cline theory should incorporate epistasis with multiple partner loci.
A network-centered approach to speciation genetics Remarkable progress in understanding the genetic basis of speciation has emerged from identification of a growing list of hybrid incompatibility genes [6] over the past 20 years. However, identification and functional characterization of hybrid incompatibility genes is feasible in only a few model organisms, and tremendous effort, time and resources are needed to identify a single gene. If this gene-by-gene approach continues as the standard in speciation genetics, it will be a long time before the number of genes and interactions identified is sufficient to reveal generalities of the speciation process. Moreover, general features of incompatibility networks, including the number and dominance of loci, types of interactions, and possibly particular developmental/ regulatory pathways, are more likely to be shared among taxa than are specific incompatibility genes.
The house mouse features a rich set of sophisticated genetic tools and resources, which facilitates collection of reliable genomescale data and ultimately will enable functional characterization of candidate incompatibility genes. Although identification and characterization of reproductive barrier genes is not feasible in most species, the integrated mapping approach we employed is applicable in a broad range of organisms. For species pairs that can be crossed in the laboratory, a similar F 2 intercross can be performed and sterility or inviability phenotypes can be measured. Informative marker discovery is straight-forward and relatively low cost using RADseq [88] , and RNAseq or custom microarrays can be used to collect expression data from species without commercially available platforms. Functional annotation and nomination of candidate processes/pathways is possible if a genome sequence of the focal species or even a relatively distantly related taxon is available [89] . Even in species with very limited available gene annotation, the number of incompatibility loci and the nature of interactions between them can be estimated. Consequently, we suggest that network-centered approaches are powerful and have promise to substantially advance understanding of speciation.
Materials and Methods
Ethics statement
Mice were maintained at the University of Wisconsin School of Medicine and Public Health mouse facility according to animal care protocols approved by the University of Wisconsin Animal Care and Use Committee. 
Sterility phenotype data and tissue collection
Gene expression analysis
RNA sample preparation and microarray hybridization. We used Whole Mouse Genome Microarrays (Agilent, Waldbronn, Germany) to measure genome-wide expression in testis. This array contains 43,379 probes surveying 22,210 transcripts from 21,326 genes. We extracted RNA from testis using RNeasy kits (Qiagen, Hilden, Germany). RNA quality (RIN.8) was verified using RNA 6000 Nano kits (Agilent) on a 2100 Bioanalyzer (Agilent). We used single-color Quick-Amp Labeling Kits (Agilent) to amplify and label RNA. The yield (.2 mg) and specific activity (.9.0 pmol Cy3/mg cRNA) of labeling reactions was verified using a NanoDrop ND-1000 UV-VIS Spectrophotometer (NanoDrop, Wilmington, DE, USA). Arrays were scanned using a High Resolution Microarray Scanner (Agilent) and raw images processed using Feature Extraction Software (Agilent). Raw images and the distribution of non-uniformity outliers were visually inspected for large spatial artifacts (e.g. caused by buffer leakage or dust particles). We used quality control metrics from Feature Extraction protocol GE1_QCMT_Dec08.
Filtering and preprocessing. We mapped the 41,174 noncontrol probe sequences from the Whole Mouse Genome Microarray to the mouse reference genome (NCBI37, downloaded March 2011) using BLAT ( [90] ; minScore = 55, default settings for all other options). We excluded probes with multiple perfect matches, more than nine matches, matches to non-coding/ intergenic regions only, and matches to more than one gene. A total of 36,323 probes (covering 19,742 Entrez Genes) were retained. Gene expression data have been deposited in the NCBI Gene Expression Omnibus (GSE54089).
Preprocessing of microarray data was performed using the BioConductor package Agi4x44PreProcess [91] . We used the ''half'' setting, which sets intensities below 0.5 to 0.5 following background subtraction, and an offset value of 50. The background signal was computed in Feature Extraction. This signal incorporates a local background measurement and a spatial detrending surface value. We used quantile normalization to normalize signal between arrays.
During preprocessing, we filtered probes based on flags from Feature Extraction. Probes with signal above background in at least 10% of samples were retained (settings: wellaboveBG = TRUE, isfound = TRUE, wellaboveNEG = TRUE). We used default settings for quality-control flags. Following preprocessing, we removed probes for which the 98 th percentile was ,2-fold greater than background. The final data set includes 24,675 probes.
Differential expression, misexpression, and dominance. We performed pairwise comparisons of expression levels between musculus PWD , domesticus WSB and reciprocal F 1 s using t-tests to identify differentially expressed transcripts. To account for multiple comparisons, we used a significance threshold based on the 5% false discovery rate [92] . For F 1 s, transcripts were classified as misexpressed if expression was lower or higher than both musculus PWD and domesticus WSB and there was a significant difference .0.5 in mean expression level (log 2 ) between the F 1 and both parental lines. For F 2 s, a transcript was classified as misexpressed in an individual if the expression level was greater/lower than both parental means and the difference was .two standard errors and . 0.5 (log 2 ) It is important to note that, using these criteria, some transcripts classified as misexpressed do not have aberrant expression patterns due to hybrid defects (e.g. values outside the parental range can result from transgressive segregation) and some transcripts with aberrant expression may fall within the parental range plus arbitrary fold cutoff.
To classify dominance of eQTL, we compared mean expression levels between genotypic classes at the peak marker/pseudomarker position. If the mean for heterozygotes was intermediate and .two standard errors from both homozygote means, the eQTL was classified as additive. If the heterozygous mean was ,two standard errors from one homozygote mean and .two standard errors from the other, the eQTL was classified as dominant. If the heterozygous mean was outside the homozygote range and . two standard errors from the extreme homozygote mean, the eQTL was classified as over-or underdominant.
Ascertainment bias. Microarray probes were designed using sequences from a variety of libraries including UCSC mRNA (known genes), RefSeq, and RIKEN cDNA. All sources are based on samples from classical laboratory mouse strains, which have genomes predominantly M. m. domesticus in origin [93] [94] [95] (8, 243 ). This pattern is the opposite of what would be expected if ascertainment bias had a substantial effect. To address this issue more directly, we identified 103 probes with SNPs between the strains using the Perlegen phase 4-release of the mouse resequencing project [96] . The number of probes in this subset with higher expression in M. m. musculus PWD (41) was also greater than those with higher expression in M. m. domesticus WSB [35] . This result provides further evidence that ascertainment bias does not substantially affect measures of expression determined from this array in individuals from crosses between these strains.
Quantitative trait locus mapping
Genotyping and genetic map construction. Genotyping and quality control procedures are described in White et al [1] . Briefly, 331 single nucleotide polymorphism (SNP) markers were genotyped using the Sequenom iPLEX MassARRAY system [97] . A total of 198 SNPs was retained for genetic mapping, following a stringent series of quality-control steps that considered parental and F 1 controls, segregation ratios, and proportion of missing data [98] . The genetic map was estimated from the genotypes of 553 F 2 males and females using a Carter-Falconer mapping function [99] , as implemented by the est.map function of R/qtl [100, 101] , assuming a genotyping error rate of zero [98] .
Interval mapping. For comparison of sterility phenotype QTL and eQTL, we repeated mapping of fertility traits from White et al [1] , excluding five F 2 individuals (of 310) without gene expression data. Standard interval mapping was performed using the scanone function of R/qtl [100, 101] , with identical parameter settings and data transformations as described in White et al [1] . Specifically, standard interval mapping (EM algorithm) was performed for all traits except abnormal sperm phenotypes, which were mapped using the extended Haley-Knott method [102] .We determined genome-wide significance thresholds for autosomes from 1000 permutations; permutations for the X (15,855) were performed separately [101, 103, 104] .
To identify loci causing large-scale disruptions in gene expression, we performed QTL mapping using quantitative measures of misexpression as phenotypes. Misexpression of Xand autosomal transcripts were mapped separately, on the basis of misexpression patterns in sterile F 1 hybrids from this cross and previous studies [10] . Counts of overexpressed and underexpressed transcripts on the X and autosomes were square root transformed to improve fit to the genetic model, which assumes normality. We determined genome-wide significance thresholds for each phenotype as described above.
We mapped eQTL for 24,675 expression traits using scanone and the EM method. Genotype probabilities were estimated at 2 cM intervals, assuming a genotyping error rate of 0.001. We used the normal quantile ranks of gene expression values as phenotypes. The normal quantile rank transformation left all expression traits with a shared distribution, allowing us to determine genome-wide significance thresholds by permutation of a single transcript. We performed 10,000 permutations for autosomes and 158,550 for the X. In addition, we performed 360 permutations of the entire expression dataset to identify a more conservative significance threshold based on the probability of observing a single autosomal or X eQTL by chance when mapping all traits. We permuted animal IDs associated with expression data to preserve the correlation structure among transcripts.
To estimate the experiment-wide false positive rate, we translated the maximum LOD scores for each chromosome for each transcript into P values and determined the FDR and q values using the BioConductor package qvalue with a tuning parameter (l) estimated by the ''smoother'' method [92] .
To assess which aspects of the eQTL patterns we observed were related to hybrid sterility vs. subspecies differences unrelated to sterility, we repeated mapping eQTL mapping in 229 F 2 s without strong evidence for sterility. We identified 'fertile' individuals by performing a principal component analysis of four sterility phenotypes: relative right testis weight, sperm density, total abnormal sperm and seminiferous tubule area. Data for all four phenotypes were available for 286 F 2 s. Principal component one explains 99.9% variance. We included individuals .20 percentile for PC1 in the 'fertile' mapping analysis. Significance thresholds were 3.61 for autosomes, based on 10,000 single-transcript permutations, and 2.80 for the X chromosome, based on and 158,332 permutations.
Conditional mapping. Genetic interactions (epistasis) are difficult to map using standard approaches because the sample size must accommodate both the number of individuals required to recapitulate affected two-locus genotypes as well as overcome uncertainty introduced by a substantial increase in the number of statistical tests performed. Given the large (24,675) number of traits mapped in this eQTL analysis, standard approaches for identifying interactions (e.g. pair-scan) are expected to be underpowered to the point of futility. However, under the Dobzhansky-Muller model, hybrid sterility phenotypes are generated by negative epistasis, and each sterility locus is expected to interact with one or more additional loci. Thus, interaction partners of a hybrid-sterility QTL can be mapped by conditioning on the genotype at the candidate locus. This hypothesis-driven approach reduces the number of tests performed to the point that meaningful results can be achieved while controlling for multiple testing. Assuming trans hotspots indeed reflect hybrid incompatibilities, we performed conditional mapping of eQTL using genotypes at a set of 14 candidate loci as covariates, including the marker closest to the peak of each of the nine autosomal trans eQTL hotspots, and five markers in X chromosome trans hotspots. We used additional X genotypes as covariates because the large size of the trans hotspots on the X suggests there may be multiple underlying causative genes.
We performed conditional mapping twice for each genotype covariate, first using an additive model including an effect of the covariate, and second using a full model including an effect of the covariate and a QTL x covariate interaction term. Comparison between these models is necessary to distinguish effects of genegene interactions from enhanced detection of eQTL due to reduced residual variation by accounting for the effect of the covariate. The LOD score for the interaction (LOD i ) is the difference between LOD scores under the full (LOD f ) and additive (LOD a ) models [101] . For each covariate, we determined genomewide significance thresholds for LOD f , LOD a , and LOD i by permutation. We used the same seed for permutations (1000 autosomes, 15,855 X) under the full and additive models, enabling calculation of LOD i for each permutation. eQTL with both LOD f and LOD i above significance thresholds have significant evidence for an interaction-eQTL. Significance thresholds for each covariate are listed in Table S3 .
Threshold estimates based on permutations of a single transcript for the main eQTL mapping analysis (no covariate) and for models with additive covariates were similar. For simplicity, we used 3.7 (autosomal) and 2.9 (X) as thresholds for these analyses.
Identification of eQTL hotspots and co-localization with sterility QTL. We defined trans eQTL hotspots by permutation. To preserve the distribution of eQTL across transcripts, we randomly assigned the position of each observed trans eQTL to a marker/pseudomarker (2 cM intervals, equal probability for each appropriate marker) on another chromosome 10,000 times for the main eQTL analysis and 1,000 times for analyses with covariates. The maximum eQTL count in each window was recorded for each permutation. Hotspots comprise sliding windows with trans eQTL counts greater than the 95 th percentile of counts for sliding windows of the same size calculated from permutations.
We tested for non-random co-localization of trans-eQTL hotspots with sterility phenotype QTL by permuting the positions of the trans hotspots, while keeping sterility QTL positions fixed at observed locations. For each permutation, positions of 12 non-overlapping hotspots of the same sizes (cM) as the observed data were drawn from the markers and pseudomarkers (2 cM step size) used for QTL mapping. Sterility QTL regions included all positions within the 1.5-LOD interval for any QTL for a sterility phenotype identified by single or multiple QTL mapping analyses in White et al (2011). We performed 10,000 permutations, recording the number of hotspots overlapping sterility QTL, the total number of overlapping markers/pseudomarkers, and the combined length of overlapping (cM) regions for each permutation.
Functional annotation and identification of candidate genes
To identify classes of genes enriched among QTT, we used the DAVID functional annotation tool [43, 44] , which integrates gene annotation information from several resources. Functionally related genes are clustered based on biological process, cellular compartment, molecular function, sequence features, protein domains, and protein interactions. To account for multiple comparisons, we used a significance threshold based on the false discovery rate (Benjamini) calculated within DAVID.
We identified candidate genes in trans hotspots and among QTT that have roles in male reproduction and/or regulation of gene expression using reviews of male fertility [17] and meiosis [105] and gene ontology (GO) terms related to male reproduction, meiosis, or the regulation of gene expression 
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